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Abstract 
Microelectromechanical Systems (MEMS) rely heavily on the semiconductor industry’s 
manufacturing paradigm.  While the standardized process model allows semiconductor chips to 
benefit from economy of scale and be sold at low prices, MEMS devices use specialized 
processes and subsequently have to be sold at higher prices.  This severely hinders MEMS 
development because it is not economically feasible to research and develop specialized devices 
where only small volumes are needed.  As such, tools and processes which divorce MEMS 
fabrication from this paradigm are needed. 
Using Hewlett-Packard thermal inkjet technology mounted to an X-Y microcontroller stage, we 
present a mask-less, or direct, surface micromachining process flow with a 250°C thermal 
budget.  The process uses Cabot Corp.’s silver-based conductive ink for the structural layer and 
PMMA for the sacrificial layer.  Several other materials were tested for use as sacrificial inks in 
addition to PMMA.  Silver cantilevers with dimensions of 200x50μm and 200x100μm were 
fabricated as a demonstration of the process. 
The silver cantilevers were mechanically characterized by using force-deflection measurements 
made by a P-10 contact profilometer or a Hysitron nanoindentor.  We present findings of 
21.9±1.50GPa or 22±1.5GPa for the silver ink’s Young's modulus of elasticity, depending on the 
characterization method.  These measurements were consistent with results measured by 
nanoindentating Cabot silver films. 
We hypothesize that the film’s porosity is the cause of the silver’s reduced material properties.  
Some preliminary data supporting this hypothesis is provided, and potential methods of 
improving the material properties and the surface micromachining process are discussed. 
Thesis Supervisor: Martin A. Schmidt 
Title: Professor of Electrical Engineering & Computer Science 
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Chapter 1 – Introduction 
1 – Background 
Microelectromechanical systems (MEMS) fabrication primarily fits into two categories: bulk and 
surface micromachining.  The former consists of removing significant portions of the underlying 
substrate to define the desired features, whilst the latter consists of addition and subsequent 
removal of materials on top of the base substrate [1].  Both of these categories rely heavily on 
semiconductor industry manufacturing methods, especially lithography, a technique which relies 
on mask layers to selectively protect the covered portions while etching the exposed regions.  
Herein lays the problem: the price of MEMS remains significantly larger than its semiconductor 
counterparts.  The semiconductor model is based on everything using standardized processes and 
packaging to outweigh and spread the large overhead cost over many diverse products.  MEMS, 
on the other hand, typically require specialized processes and packaging for each product and 
cannot recover the large overhead costs without being significantly more expensive.  As such, 
novel fabrication techniques need to be explored to lower the price of MEMS devices. 
There has been a significant effort in lowering the cost of MEMS, from investigating low-cost 
materials to highly efficient fabrication processes.  One notable category is the development of 
tools and techniques that would eliminate the need for standard photolithography tools.  This 
development encompasses a wide variety of techniques including laser-writing, inkjet deposition, 
and electrochemical deposition [2].  Given the necessity for mask-less processes, the scope of 
this thesis contributes to this effort, namely the development of an inkjet deposition technique for 
surface micromachining. 
2 – Previous Works 
Inkjet, as an alternative to standard lithography processes, can be used in a drop-on-demand 
(DOD) fashion to deposit multiple small droplets of desired materials at digitally-defined 
positions.  These defined positions can pattern features for several purposes, including integrated 
circuits and MEMS devices.  This mask-less concept has several advantages including less 
material waste, fewer design-to-fabrication delays, and potentially faster fabrication. 
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Fuller et al. notably demonstrated the feasibility of MEMS fabrication with DOD inkjet printing.  
Using a piezoelectric inkjet printer, several devices were fabricated from metallic inks including 
MEMS electric motors and heat actuators or “heatuators” [3].  However, even though working 
devices were fabricated, the planar features were exceptionally large, on the order of millimeters, 
limiting the potential applications.   Additionally, none of the materials were mechanically 
characterized, which is essential because several mechanical properties such as residual stress are 
dictated by the film formation and fabrication processes [4].  One last critique is that the planar 
heatuator was not entirely fabricated using digital fabrication: the sacrificial material was 
deposited via drop casting and flattened via a draw-down bar. 
Since Fuller et al., there have been several other works focusing on the improvement of inkjet 
technologies.  These improvements cover a wide spectrum including material/ink development 
[5-8], deposition characterizations [9-15], and entire systems for inkjet microfabrication [16-17].  
However, most recent research has been dedicated towards printed electronics.  Subsequently, 
most material characterizations have focused on electrical properties rather than mechanical 
properties. With recent improvements in inkjet tools, materials, and fabrication methodologies, it 
is reasonable that inkjet processes for MEMS should be further explored. 
3 – Research Scope 
The scope of this research includes the continuation of the work on printed MEMS.  Utilizing 
advances in thermal inkjet (TIJ) technology, a surface micromachining process flow based on 
inkjet deposition was developed.  Several different inks’ printing parameters were characterized 
and subsequently optimized for fabricating MEMS structures.  Finally, to demonstrate the 
process flow’s feasibility, MEMS cantilevers were fabricated. 
The usefulness of the surface micromachining process is greatly limited by the ability to predict 
the device’s behavior beforehand.  Because of this, the fabricated cantilevers also needed to be 
mechanically characterized.  The cantilevers’ spring constants were determined via beam 
deflection measurements and the material’s Young’s modulus of elasticity was calculated.  These 
results were compared to characterization via nanoindentation to verify the findings. 
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Chapter 2 – Material Sets 
In a simplistic example of surface micromachining, there are two distinct layers: the structural 
and sacrificial layers.  The structural layer is comprised of materials that form the final structures 
and features while the sacrificial layer holds the structural layer in place during the 
micromachining process.  Once the process is completed, and the structural layer is stable, the 
sacrificial layer is removed to release the structural layer’s features.  To avoid removing parts of 
the structure during the release step, the layers are typically of different materials.  Because 
surface micromachining relies on material compatibility, it is important to identify sets of 
compatible materials before developing a process. 
One goal of this project is to showcase advances in TIJ technology and demonstrate how it can 
be utilized for surface micromachining.   As such, instead of focusing on ink composition, 
commercially available counterparts and pre-existing inks were considered.  Several different 
forms of commercially available products were investigated, ranging from completely 
formulated inks to beads which were made into ink in the lab.  These inks were used for both the 
structural and sacrificial layers.  The structural ink was quickly identified at the start of the 
project, so that the main focus was on finding a compatible sacrificial ink. 
1 – Structural material 
The ink that was used for the structural layer was a silver nanocrystaline metallic ink from Cabot 
Corp.  This ink had several advantages which made it very promising for the project: 
• Commercially available – 
As a commercial product, the silver ink was readily available at the start of the project, 
and experiments could start immediately. 
• Lower fusing/sintering temperature – 
The silver-based conductive ink primarily consists of 30nm diameter nanocrystals 
suspended in an ethylene glycol/ethanol ink vehicle.  Buffat et al. stated that small 
particle size reduces the melting temperature of gold [1].  Several others report the same 
effect in various metal nanoparticles, including silver [2-5].  As a frame of reference, the 
product description states that the film becomes conductive after sintering at 120°C.  This 
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is drastically lower than bulk silver’s melting point of 962°C.  Low temperature 
processing is very appealing because it allows for a wide variety of substrates, including 
plastic and flexible substrates. 
• Inkjet compatible – 
Originally designed for printed electrodes and antennae, Cabot Corp.’s conductive ink 
was designed to be used with inkjet technology.  Very little modification was needed to 
make the ink readily printable with the TIJ system. 
• Previous experience and studies – 
The final advantages with using this silver-based conductive ink were the previous 
studies and experiments done by Dr. Jianglong Chen (MIT).  Subsequently, many of the 
parameters for printing, drying, and sintering had been optimized. 
With all of the advantages that Cabot Corp.’s silver-based conductive ink offered, including 
commercial availability, low temperature processing capability, and previous experience, it was a 
strong candidate for the surface micromachining process.  The main concerns with using the ink 
as the structural layer were its reduced conductivity and structural integrity.  Dr. Chen observed 
that the sintered films exhibit 10x higher resistivity than bulk and electroplated films.  Because  
the film displayed reduced electrical properties, it is assumed the mechanical properties would 
suffer as well.  Additionally, it was observed that films need be sintered at temperatures greater 
than 200°C for at least 30 minutes to give the film enough integrity to support itself.  These 
concerns will be discussed in later chapters. 
2 – Sacrificial material 
With the structural material quickly identified, the main challenge was to identify compatible and 
convenient materials that could be used as the silver ink’s sacrificial layer.  While there are many 
potential materials that are compatible with the silver ink, the following guidelines were set to 
determine the ideal sacrificial material: 
• Readily printable -  
Since this project focuses primarily around inkjet deposition, the sacrificial material 
should dissolve into an ink and be readily printable via TIJ.  This requires the ink vehicle 
and its constituents to be of a printable viscosity, around 1-10 centipoise (cP), and not 
aggressive enough such that the ink attacks the TIJ components. 
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• Inert to silver ink components -  
Compatibility with the silver ink requires that the sacrificial material be nonreactive to 
the silver nanoparticles and its ink vehicle.  In addition to being nonreactive, the 
sacrificial material should be extremely insoluble in ethylene glycol and ethanol.  This is 
to prevent the features from being destroyed while jetting the silver ink. 
• Able to withstand the silver nanoparticle’s sintering temperatures -  
Requiring sintering temperatures greater than 200°C to obtain a structurally sound silver 
film, the silver ink’s post processing step creates a steep requirement that is difficult to 
fulfill.  Several organic polymers such as polystyrene, which are chemically very 
promising due to their resistance to the silver ink, become unstable at elevated 
temperatures and thus cannot be seriously considered.  This temperature restriction also 
provides another obstacle concerning removal as will be discuss next. 
• Easily removed without harming the silver film -  
After the sintering step, the sacrificial material must be removed without affecting the 
silver film.  This becomes increasingly difficult to do with higher sintering temperatures 
because some sacrificial layers densify and become harder to etch via chemical 
processing.  Ideally, such materials would be removed via oxygen plasma etches.  
However, because such techniques would oxidize the silver film, any sacrificial layer 
which “hard bakes” cannot be used.  Ideally, the sacrificial layer should be removed with 
dry release techniques such as pyrolysis, where the sacrificial material decomposes at 
high temperatures, or sublimination where the material transitions from a solid directly to 
a gas.  Dry release techniques are preferred over wet release techniques to avoid stiction, 
where the structural layer sticks to the substrate after release. 
Given these guidelines defining the ideal sacrificial layer, several materials were studied to 
identify which materials are compatible with the silver ink structural layer and what 
advantages/disadvantages they had if used in a surface micromachining process. 
2.1 – Aluminum tris-(8-hydroxylquinoline) (AlQ3) 
Typically used in organic light-emitting-diodes, AlQ3 has previously by been shown by Dr, 
Chen to be printable with TIJ.  Other advantages with using AlQ3 are its stability at the silver 
ink’s sintering temperature and its characteristic of subliming at 350°C due to its low molecular 
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weight.  Despite having all of these advantages, it was discovered that AlQ3 was slightly soluble 
in ethanol and all the printed AlQ3 features were destroyed when jetting the silver ink. 
2.2 – Ammonium chloride (NH4Cl) 
Being a salt that is readily soluble in water, NH4Cl is TIJ compatible and also boasted the 
characteristic of pyrolysing at high temperatures.  Additionally, because NH4Cl is a salt rather 
than a polymer, NH4Cl can easily handle the themal budget required to sinter the silver ink and 
has no risk of densifying and becoming impossible to remove.  One of the main difficulties when 
using this ink, however, is NH4Cl has a tendency to form salt crystals instead of smooth, uniform 
surfaces.  Additionally, it was later observed to be slightly soluble in the silver ink’s vehicle and 
reacted with the silver during the sintering process. 
2.3 – Positive photoresist 
Found in countless cleanrooms, these photosensitive polymers are used as mask layers in 
photolithography recipes.  Due to its photosensitivity, the material was never seriously 
considered as a potential printable ink and was only investigated to observe whether the silver 
films could support themselves.  In theory, photoresist is easily removed via photodeveloper; 
however, long exposures to +200°C densify the photoresist and prevent removal. 
2.4 – Poly(methyl methacrylate) (PMMA) suspended nanobeads 
Nanobeads of PMMA were suspended in a water ink vehicle.  The ink was originally made in-
house by Dr. Chen from commercially-bought 300nm diameter beads suspended in surfactant 
and water, but was quickly changed to a commercially available suspension of 80nm beads in 
surfactant and water.  The surfactant in both cases is used to help stabilize the bead suspension 
and prevent the beads from precipitating out of solution.  The most encouraging feature of this 
ink is its thermal budget compatibility.  Also, because the ink is suspension-based rather than 
solution-based, the ink has the ability of delivering much higher material content when compared 
to its solution-based counterparts.  One of the main disadvantages with this ink, however, is 
constant nozzle clogging, making it extremely difficult to print aligned features.  Another 
disadvantage is the non-uniform surface topology due to the shape of the nanobeads; however, 
this was remedied via a post-processing step that will be discussed in a following chapter.  The 
 16
last, and most important, disadvantage is that this particular nanobead is made from high 
molecular weight PMMA.  This effectively results in the same disadvantage as the photoresist: 
the PMMA densifies and subsequently cannot be removed after the sintering step.  
Unfortunately, at this time there are no commercially available low molecular weight PMMA 
nanobeads and so a new PMMA nanobead suspension ink has not been formulated. 
2.5 – Solution-based low molecular weight (LMW) PMMA 
Learning from the shortcomings of the PMMA beads, LMW PMMA was dissolved in toluene to 
create a solution-based PMMA ink.  This ink boasts many of the same advantages as the 
nanobead ink, with the added advantage that the LMW PMMA is far less likely to densify and 
become impossible to remove.  The solution-based PMMA ink, however, has the added 
disadvantages of being unable to deliver large amounts of material due to viscosity issues and the 
features slightly soften during the sintering step due to PMMA reflow.  Aside from these 
disadvantages, the LMW is capable of handling the required thermal budget while still remaining 
removable. 
2.6 – Zinc oxide (ZnO) nanoparticles 
The ZnO nanoparticles were suspended in water with acetic acid to stabilize the suspension.  The 
suspension was commercially bought; however, the vendor has since discontinued the product.  
ZnO boasts very similar advantages to NH4Cl in that it readily handle’s the required thermal 
budget while remaining easily removable via a wet etching in a 1:200 dilution of hydrochloric 
acid (HCl).  Despite these advantages, the ZnO suspension ink remained unpromising because of 
its difficulty to obtain smooth, uniform features.  Another unattractive feature of this ink is that 
there is currently no reliable source should the ink run out.  Finally, while ZnO is compatible 
with silver, it uses the same etchant used to define the oxide transistors that will be integrated 
with the surface micromachining process in the future, thus making ZnO incompatible with the 
overall process. 
2.7 – Summary 
Several different materials were investigated as potential sacrificial materials, each of which had 
their strengths and weaknesses.  Table 2-1 summarizes these findings.  As can be seen, many of 
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the investigated materials had at least one characteristic which ultimately made the material 
unsuitable as a sacrificial layer for the silver ink.  The two suitable sacrificial layers are the 
LMW PMMA and ZnO nanoparticles.  However, as previously mentioned, ZnO was not chosen 
because the etchant used to remove ZnO is also used to define the oxide transistors that may be 
integrated in the future.  Therefore, of the materials investigated, LMW PMMA was the most 
promising candidate. 
Table 2-1: Summary of sacrificial materials in relation to ideal properties 
Ideal Properties  
Material/Ink TIJ Printable Silver ink compatible Stable in thermal budget Removable 
NH4Cl 9  9 9 
Photoresist  9 9  
PMMA nanobeads 9 9 9  
LMW PMMA 9 9 9 9 
AlQ3 9  9 9 
ZnO nanoparticles 9 9 9 9 
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Chapter 3 – Deposition Characterization 
1 – Printing parameters 
Before addressing the actual material deposition optimization, it is important to discuss the 
various conditions and variables that affect the overall deposition.  These conditions range from 
device and ink parameters to environmental conditions and factors.  The optimization mainly 
focused on device and ink parameters such as ink concentration, nozzle size, and printing 
patterns, however, a handful of environmental factors such as substrate temperature and ambient 
air were also studied and optimized. 
1.1 – Ink formulation and concentration 
Using TIJ for surface micromachining and MEMS, the trade-off between high material loading 
and printability is quickly encountered.  Many designs require layers on the order of several 
micrometers and as such, the inks should be loaded with as much material as possible so fewer 
drops need to be jetted.  High material loading, however, typically raises the viscosity of the ink 
to the point where it is no longer jettable by TIJ.  Thus, a balance must be established between 
the amount of material in the ink and the viscosity where it is still reliably printable. 
1.2 – Nozzle size 
The HP inkjet technology varies in firing chamber size, which subsequently dictates the amount 
of ink delivered to the substrate and the resulting droplet size.  It can be argued that larger 
nozzles jet larger volumes of ink and thus deliver more material, however this is at the cost of 
losing spatial resolution due the larger drop diameters.  Once again, it can be quickly seen that a 
balance between printing speed and resolution needs to be determined.  In the case of the surface 
micromachining process, high resolution was important, thus only the smaller nozzle sizes were 
considered. 
1.3 – Drying effects 
The ink drying conditions ultimately determine the surface uniformity.  This is due to a 
combination of evaporation and capillary outflow known as the coffee-ring effect [1].  Assuming 
the drop area stays constant during drying, more material is ultimately carried from the drop 
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center to the edge, creating a ring-like deposition.  This effect can be reduced by changing the 
drying dynamics, more specifically the rate of drying.  While this can be done in many ways, due 
to the tools available, elevated substrate temperatures were used to dictate drying. 
1.4 – Printing patterns 
In addition to manipulating the ink concentration to affect material loading, the amount of 
material deposited can also be controlled by changing the printing pattern.  This can be done 
primarily in two different ways: drop layers and pitch.  By increasing the number of drop layers, 
or drops jetted on top of each other, it is possible to digitally increase the amount of material 
loading.  By changing the drop pitch, or the spacing between adjacent drops, the amount of 
overlap between drops is affected and amount of material in a given area changes.  By using 
different pitch and layer parameters, it is possible to deposit the amount of material needed for 
any surface micromachining process.  Figure 3-1 depicts how changing the two printing 
parameters affect the resulting film. 
 
d 
 
Figure 3-1: Printing parameters pitch and layers. (a) Changing d, the distance between drops, 
affects the amount of overlap between drops and subsequently the resulting film uniformity and 
thickness are also affected.  (b) Changing the number of layers digitally increases the resulting 
film thickness. 
(a) (b) 
1 layer 
2 layers 
 
2 – Cabot Corp.’s silver-based conductive ink 
2.1 – Printing parameters 
For more reliable printing, one part of the silver ink was mixed with two parts ethanol.  To 
maintain high resolution, a 35pL nozzle was used.  Using this formulation and nozzle, several 
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single drops were jetted and allowed to dry.  These dried drops were then measured to be 
approximately 80µm in diameter using an optical microscope.  When printing more elaborate 
designs such as squares and lines, it was observed when printing on a room temperature substrate 
that the ink did not dry enough to adhere to the substrate and would bead up into the adjacent 
drop.  Subsequently, the substrate was heated to 60°C to prevent beading and maintain well-
defined features. 
2.2 – Sintering conditions 
Prior to jetting over printed sacrificial layers, the silver ink was printed over photoresist lines.  
Originally intended for testing the silver’s structural integrity, the studies proved useful in 
characterizing several parameters for sintering the films, primarily the slow ramp-up and ramp-
down rates of 1.5°C/minute needed to prevent the film from undergoing thermal shock and 
cracking at the anchor-sacrificial regions. 
Another observation that was noted was the formation of a white film when sintering the silver in 
an ambient environment.  This white residue is thought to be oxidation during the sintering 
process.  Additional studies where the films are sintered in a nitrogen environment support this 
assumption because the latter films exhibit no white residue.  Thus, all later films were sintered 
in nitrogen environments.  This unfortunately limited the substrate size to 25mm x 25mm 
because the tube furnace capable of sintering in a nitrogen environment could only handle small 
samples.  
2.3 – Silver film’s structural integrity 
This study was done in conjunction with Dr. Chen and Dr. Murali Chaparala (Hewlett-Packard).  
Since the previous attempt to understand the structural integrity of the films using photoresist did 
not work, SEMs of drop-casted silver films sintered at 100°C-600°C in 100°C increments were 
taken.  These SEM images were used to observe the film’s grain size and structure.  Figure 3-2 
displays the grain size in relation to the peak sintering temperature.  As can be seen, the grain 
size does not significantly grow over the original 30nm until the peak sintering temperature is 
greater than 200°C.  It appears that the grain growth does not begin until higher sintering 
temperatures and thus sintering at temperatures greater than 200°C is needed so that the film can 
support itself. 
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Figure 3-2: Average silver grain size versus annealing/sintering temperature.  Drops of silver 
ink were deposited onto glass substrates and sintered in a tube furnace at temperatures between 
100°C to 600°C in 100°C intervals.  SEMs of the resulting film were taken and average grain size 
was measured.  As can be seen, the grain size does not significantly increase until after 200°C.  
The figure was generated by Dr. Jianglong Chen. 
3 – Low molecular weight PMMA 
3.1 – Printing parameters 
Working with dissolved PMMA as an ink provided significant challenges because solutions with 
large amounts of dissolved PMMA are very viscous and thus difficult to print.  Because of this, a 
low concentration ink is used and a large number of drops are jetted to compensate for the low 
concentrations.  Despite using a low concentration ink, larger nozzles on the order of 80pL had 
to be used because smaller nozzles were unable to jet the ink reliably.  Originally, the process 
was being optimized for a 5%wt PMMA/toluene ink, however, the ink was changed to 2%wt 
PMMA/toluene for better control of the film thickness and more reliable printing. 
Using the 2%wt ink, a line of single drops was jetted to determine the droplet size similar to 
what was done to characterize the silver ink.  A P-10 contact profilometer was used to determine 
a drop diameter of approximately 120µm.  The profilometer was used instead of optical means 
because of PMMA’s translucency.  Similar to the silver ink, the substrate needed to be heated so 
that the drops would adhere to the substrate instead of beading up into the successive drops.  
Unlike the silver ink, the substrate temperature while printing PMMA is limited to 40°C to avoid 
nozzle clogging. 
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In addition to the drop diameter measurements, another observation made from the profilometry 
trace was that the drops exhibited large coffee-ring effects.  This implies that there would be 
significant challenges in optimizing the drying conditions to obtain smooth, uniform surfaces.  
However, rather than optimizing the drying conditions, post deposition reflow treatments were 
investigated instead. 
3.2 – Post-treatment smoothing processes 
Like many other polymers, PMMA heated above a certain temperature begins to reflow and is 
capable of plastically deforming without fracturing; this is known as the material’s glass 
transition temperature (Tg) [2].  By heating the PMMA above its Tg, it is possible to cause the 
PMMA features to reflow and smoothen the irregular surfaces.  Figure 3-3 shows before and 
after profile traces of PMMA structures that were heated to 250°C for 30 minutes.  As can be 
seen by the traces, the PMMA structures slightly reflow and start becoming smoother. 
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While raising the temperature of the PMMA to its Tg is very straight forward, there are several 
disadvantages in using temperature to smooth the PMMA: a lot of time is spent ramping up and 
down to avoid thermal shocking the PMMA and the device has to be exposed to high 
temperatures during the entire process.  To avoid subjecting the device to elevated temperatures, 
an alternative option to heating the device to the Tg is to lower the Tg to room temperature.  This 
is done by introducing vaporized solvents which act as plasticizers and lower the PMMA’s Tg 
Figure 3-3: Profilometry traces of PMMA cantilever mold before and after heating to 250°C.  
The PMMA was heated in the same conditions used to sinter the silver films.  Significant smoothing is 
observed especially at the barrier locations where the severe coffee-ringing significantly reduced in 
height. 
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such that the PMMA reflows at room temperature [2].  Such treatments are not only limited to 
the LMW PMMA, but also can be used on the PMMA nanobeads as shown in Figure 3-4. 
 
Figure 3-4: Solvent vapor smoothing process on PMMA nanobead films.  Films are suspended 
over a pool of acetone and are subsequently exposed to acetone vapors.  The nanobead films begin 
extremely non-uniform but over time the films reflow and smoothen out.  Pictures and films were 
made by Dr. Chen and Dr. Valérie Leblanc (MIT). 
20 minutes0 minutes 5 minutes 10 minutes
By exposing the PMMA structures to solvent vapors such as acetone or toluene, it is possible to 
smooth out the uneven features and even compensate for the coffee-ring effect.  Several steps 
were added to the smoothing process to optimize and increase the process’ reliability:  Cleaner 
substrates, more efficient printing patterns, and additional baking steps were added to the solvent 
vapor smoothing process to obtain better and more reliable results. 
To obtain uniform film coverage, the substrate’s surface energy needs to be extremely uniform.  
This is because ink wettability is dictated by the substrate’s surface energy.  Slight changes in 
surface energy cause the ink to bead up and avoid the less energy-favorable regions, resulting in 
PMMA features depicted in Figure 3-5.  The primary causes for surface energy non-uniformity 
are foreign contaminants and debris.  Thus cleaning processes that remove these foreign 
contaminants from the surface are needed to obtain reliable results.  The substrates were 
sonicated in Cole-Parmer® Micro-90® cleaning solution for 5 minutes and rinsed in deionized 
(DI) water and boiling isopropyl alcohol (IPA) before blow-drying with a nitrogen gun. 
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Figure 3-5: Examples of PMMA deposited on substrates with non-uniform surface energy.  
Prior to depositing PMMA these substrates were rinsed with DI water and acetone before being 
wiped dry.  The uneven surface energy causes the ink to de-wet from unfavorable surfaces and 
form islands instead of a uniform film. 
Prior to optimizing, the drops were jetted in a rectangular pattern.  This packing format is 
inefficient and causes significant variation in film thickness as shown in Figure 3-6(a).  The old 
pattern was switched to the hexagonal patterns shown in Figure 3-6(b).  This new pattern has the 
advantage of less overlap and more coverage and subsequently requires less post processing to 
obtain a smooth, uniform film. 
 
(a) (b) 
Figure 3-6: Printing patterns for ink deposition.  (a) Rectangular printing pattern where the 
pitch is half the diameter of the drop.  There is significant thickness variation in this four drop 
sample due to overlap.  (b) Compared to the rectangular pattern, the hexagonal pattern covers 
more area and has less thickness variation due to overlap. 
The last optimization was adding baking steps before and after the smoothing process.  Because 
the PMMA films retained residual solvent and moisture, the time required for smoothing the 
films was inconsistent.  To ensure consistency, the films were placed on 100°C hotplates to drive 
out any residual solvent and moisture.  For good measure, a post-bake step was also added to the 
process to remove all of the solvent and provide a definite stop to the PMMA reflow. 
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Chapter 4 – Integration & Fabrication 
1 – Additional patterning techniques 
With the structural and sacrificial materials separately optimized, the two need to be combined 
together to complete the surface micromachining process.  Ideally, the process would consist of 
three stages: depositing and processing of the sacrificial material, depositing and processing of 
the structural material, and finally removal of the sacrificial material.  In reality, however, this 
process is more complicated because of the difficulty with confining the amount of ink needed to 
obtain 1µm thick films: the large volume would overcome the ink’s surface tension and 
subsequently spill out to the surrounding area, resulting in a thinner and poorer defined film.  To 
counteract this, external mechanisms are needed to keep the silver ink confined during the drying 
and densification steps. 
1.1 – Cantilever molds 
One method to confine the silver ink is by depositing secondary PMMA features.  These 
secondary features act as barriers or dams, essentially creating a mold to contain the silver ink 
during sintering.  An advantage to these secondary structures is that they can be removed at the 
same time as the sacrificial layer during the release step.  These secondary features are deposited 
in the same fashion as the sacrificial layer, but do not require an optimized smoothing step 
because the barrier’s smoothness and uniformity are less critical. 
1.2 – Laser ablation 
In addition to defining the silver film with a mold, it is possible to obtain higher resolution by 
using laser ablation to trim the features to size.  This task was done using a Resonetics laser 
milling tool in collaboration with Dr. Hanqing Li (MIT).  The laser trimming is not limited to 
defining the PMMA mold, but is also capable of ablating the silver film, making it a valuable 
tool in defining the shape of the anchor, the step, and the cantilever beam itself.  This capability 
has an additional advantage of being able to eliminate undesirable features, which proved to be 
vital as will be discussed later. 
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2 – PMMA Deposition 
In order to constrain the silver ink, PMMA is deposited in the shape shown in Figure 4-1(a).  
This shape effectively acts like the molds described above.  While the substrate is heated to 
40°C, the sacrificial layer was deposited first by printing 3 layers in a hexagonal pattern 
assuming a droplet diameter of 120µm.  This is followed by a 5 minute bake on a 100°C hotplate 
to drive out any residual solvent before being placed in a jar suspended over 10mL of acetone to 
perform the solvent vapor smoothing for 8 minutes.  Following the vapor smoothing step, the 
devices were baked once again for 5 minutes on the 100°C hotplate to halt the smoothing 
process.  With the sacrificial layer defined, the PMMA barriers are deposited.  The substrate is 
once again heated to 40°C and a 10 layer line of PMMA with 25µm pitch is printed in the 
cantilever shape.  The vapor smoothing process is repeated, this time subjecting the PMMA to 
vapor for only 3 minutes to ensure that the PMMA barrier is continuous.  A top view optical 
micrograph of the resulting PMMA cantilever mold is shown in Figure 4-1(b). 
 
(a) (b) 
Figure 4-1. Cartoon of PMMA cantilever mold and top-view of actual PMMA cantilever 
mold.  The arrows show the location of the raised shelf for the cantilever beam and the PMMA 
barrier which will contain the silver ink during the sintering process. 
3 – Silver deposition 
Depositing silver is essentially filling the PMMA mold with silver ink.  Even though the silver 
ink only needed to fill the mold, the ink is still jetted via a 35pL nozzle to control precisely 
where the silver is deposited.  This accurate deposition is necessary to prevent the silver from 
spilling over the barriers.  It is important to acknowledge that while the PMMA also acts as a 
physical barrier, the primary mechanism for containing the silver ink is actually its poor 
wettability.  This essentially allows the PMMA barriers to be shorter because the silver ink will 
pool up significantly higher than the PMMA barriers.  Immediately after jetting the silver ink the 
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devices are placed in the tube furnace for sintering.  Because of this no images were taken of this 
silver deposition step. 
4 – Sintering 
The silver ink-filled devices are immediately placed into a tube furnace.  To prevent oxidation, a 
constant nitrogen flow is introduced so that the silver film is sintered in a nitrogen environment.  
The furnace is ramped to 250°C at 1.5°C/minute, where it sinters for 30 minutes and then is 
ramped down room temperature at 1.5°C/minute.  The devices are slowly ramped up and down 
to avoid cracking the silver film.  Figure 4-2 shows a top-view optical micrograph of the sintered 
silver film inside the PMMA shown in Figure 4-1(b).  As can be seen, there are still some surface 
irregularities and artifacts that can be eliminated with further optimization. 
 
Surface 
artifacts 
PMMA  
boundary PMMA crack 
& silver wire 
Figure 4-2: Sintered silver in PMMA mold.  Several issues and concerns can be identified in 
this figure.  Surface artifacts and silver wires propagating along PMMA cracks are prevalent 
amongst all cantilever samples.  These issues should be addressed in the next series of 
optimizations. 
It is important to note that there are several factors that still can be optimized.  One important 
acknowledgement is PMMA does reflow during the sintering process and that the vapor 
smoothing process might actually overcompensate for the surface uniformity.  As can be seen in 
Figure 4-2, there are also some issues with surface artifacts in the silver film.  While it is 
believed that these artifacts are caused by debris and dust that settled into the film prior to 
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sintering, this was never verified.  Other potential causes for the artifacts are PMMA reflow, 
trapped moisture outgassing from the PMMA, or silver de-wetting. 
Another challenge identified is the thin silver wires created from molten silver seeping into the 
PMMA cracks that form during the sintering step.  These wires can potentially act as additional 
tethers, changing the device’s spring constant or, even worse, short the devices.  Fortunately, 
such wires can be eliminated via laser ablation if need be. 
The final challenge is that in some samples the silver ink will de-wet from the PMMA surfaces.  
This especially becomes a problem at the edge where the substrate, sacrificial step, and silver 
film intersect.  This is extremely important because the silver ink will retract from the PMMA 
and cause necking at the anchor junction.  With the thinning of this junction, it becomes a weak 
edge where cracks can easily form and a significant number of devices were lost because of non-
continuous films. 
5 – Release 
Removing the sacrificial layer to release the cantilevers was done via wet etching by submersing 
the devices into chloroform.  Wet etching was chosen over dry methods such as pyrolysizing or 
oxygen plasma etching because of reasons mentioned in previous chapters: pyrolysizing requires 
temperatures even higher than sintering the silver and oxygen plasma etching oxidizes the silver 
film, drastically changing the mechanical characteristics of the device.  The devices were 
submerged into the first bath of chloroform for 15 minutes to remove the PMMA mold.  
Subsequent baths for chloroform for 10 and 5 minutes were used to ensure the PMMA and 
miscellaneous debris was removed.  Figure 4-3 shows the cantilever from Figure 4-2 after 
release. 
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 (a) (b) 
Figure 4-3: Released cantilever.  (a) While it does not seem different than Figure 4-2, it is 
important to note that the PMMA-substrate boundary is not there anymore, implying that the 
PMMA was removed. (b) The cantilever was mechanically actuated with a probe to confirm 
release. 
Surrounding the cantilever is a rim of raised silver, which results from the film densifying on the 
PMMA barriers’ curved walls.  This undesired rim adds significant complexity when modeling 
the mechanical behavior of the cantilever.  By removing the rim with laser trimming, the 
modeling is simplified and there is even the added bonus of a smaller resulting cantilever.  This 
laser trimming is nominally done prior to the release step so that any debris generated by the 
process will hopefully be washed away during the release steps.  Figure 4-4 shows an SEM 
image of a released cantilever that was laser trimmed.  It is encouraging to note that not only 
does the cantilever look better defined and smaller, but it is still capable of supporting its own 
weight without the rim structure. 
 
Figure 4-4: Laser-trimmed and released silver cantilever.  The cantilever was laser-trimmed 
using the Resonetics laser mill.  The cantilever beam was trimmed so that w=50μm and L~200μm. 
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Currently, the release process has a problem with stiction: after removing the PMMA sacrificial 
layer, the cantilever beam is normally stuck to the substrate.  This stiction is generally not 
permanent and the beam normally releases from the substrate when manually actuated via a 
mechanical probe.  This remedy, however, is less than optimal and a more appropriate release 
process should be developed to reliably release the cantilevers without stiction. 
6 – Recipe summary 
Successfully released silver cantilevers were fabricated by using TIJ in a direct surface 
micromachining process.  Table 4-1 is a summary of the recipe used for the entire process, along 
Figure 4-5 which is a graphical process flow to show the most important steps. 
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Table 4-1: Silver cantilever via TIJ surface micromachining process flow 
Step Description 
Starting material Glass slide 
1 Cleaning Sonicate in Micro-90 (detergent) for 5 minutes, DI water rinse, dry by dipping in boiling IPA 
2 Deposition Print PMMA sacrificial layer: 6 layers with d=120μm pitch on 40°C substrate 
3 Smoothing Pre- & post-bakes 5 minutes on 100°C hotplate, 8 minutes in acetone vapors 
4 Deposition Print PMMA barriers: 20 layers with 25μm pitch on 40°C substrate 
5 Smoothing Pre- & post-bakes 5 minutes on 100°C hotplate, 3 minutes in acetone vapors 
6 Deposition Print silver structural layer: 15 layers with d=80μm pitch on 60°C substrate 
7 Sintering 30 minutes at 250°C in nitrogen environment with 1.5°C/minute ramp up and down 
8 Trim Laser trim devices 
9 Releasing Wet-etch PMMA in chloroform for 15 minutes 
10 Rinsing Rinse samples in chloroform for 10 & 5 minutes, dry with N2
 
 
3) 
 
5) 
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7) 
 
8) 
 
9) 
 
Figure 4-5: Diagrams of the important steps in the TIJ silver cantilever surface micromachining process flow. 
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Chapter 5 – Mechanical Characterization 
In addition to successfully fabricating the cantilevers, it is equally important to mechanically 
characterize the cantilevers themselves because the fabrication process can greatly change how 
the materials mechanically behave.  This is especially true in the case of Cabot silver films where 
it is not known how their mechanical properties differ from electroplated or sputtered films.  It is 
already known that Cabot films display 10x higher resistivity than its electroplated counterpart.  
If we were to assume that this increase in resistivity also translate into the mechanical regime, 
then it is reasonable to assume that the mechanical properties are different as well. 
1 – Young’s modulus via beam deflection 
Determining the Young’s modulus of Cabot silver can be done with several different methods.  
Several of these methods rely on material deformation measurements such as the tension, 
microbeam bending, bulge, resonance tests [1].  Normally, cantilevers are depicted as a simple 
spring model: 
 F kx=  (1) 
where F is the force applied, k is the system’s spring constant, and x is the amount of 
displacement.  This equation implies that in typical cantilever operation, the amount of force 
used on a cantilever is linearly proportional to the amount of displacement the cantilever 
experiences.  Assuming ideal conditions where the beam is perfectly anchored to an infinite 
plane, the relationship between the spring constant to the geometry of the beam and its material 
properties can be ideally defined as: 
 3
3
4L
EWHk =  (2) 
where E is the Young’s modulus and W, H, and L are the width, height/thickness, and length of 
the beam, respectively.  Thus, by using these equations governing fixed-free beam deflection and 
the geometry of the beam, a model that only relies on the modulus of elasticity can be generated.  
By fitting the model to the deflection data, it is possible to extrapolate the material’s Young’s 
modulus.  Several methods, including point-force deflection and electrostatic pull-in or M-tests 
utilize this underlying principle. 
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While it is a very convenient method set to determine material properties, there are several 
known errors that must be taken into consideration when making these measurements.  It is 
important to acknowledge that these governing equations are based on boundary conditions 
assuming that the beam is supported by a noncompliant anchor which completely fixes one end 
of the beam.  This is seldom the case and the compliant anchor complicates the structural 
mechanics.  Another source of error is from errors in the beam’s dimensions, particularly its 
height and length.  As the governing equation shows, while the spring constant is only linearly 
dependent on the width of the beam, it is actually cube dependent on both the beam’s height and 
length, meaning slight uncertainties in the beam’s thickness and deflection force location 
drastically change the model and the resulting elastic modulus. 
In the case of these cantilevers, the method of point-force deflection was chosen over M-tests 
and resonant frequency testing because the other methods have additional factors that may 
complicate the measurement.  Firstly, M-tests use electrostatic pull-in which depends on the 
material properties and dimensions of the cantilever beam as well as the air-gap between the 
beam and the underlying electrode.  Since it is uncertain how uniform and accurate this gap 
would be if fabricated with the current process, doing M-tests would add an additional third 
order dependency and further complicate the characterization.  As for determining the resonant 
frequency, there is a concern that the size of the cantilever arm would cause squeeze-film 
damping, ultimately making it difficult to obtain resonance without placing the cantilever in a 
vacuum environment.  Because of these extraneous factors and complexities, as well as the 
readily available measurement tools, point-force deflection was the optimal choice. 
1.1 – Deflection via contact profilometry 
One of the tools used to deflect the cantilevers was a Tencor P-10 contact profilometer.  
Typically used for metrology purposes, a contact profilometer drags a probe across the sample’s 
surface to measure height variation.  He et al. demonstrated that contact profilometers can also 
be used for beam-deflection measurements to mechanically characterize cantilevers [2].  As 
shown in Figure 5-1, in the case of surface micromachined cantilevers, the probe drags across the 
anchor and suspended beam parts, measuring the thickness variation and beam deflection, 
respectively.  To maintain contact with the sample, the user defines a certain amount of force that 
is to be exerted into the probe tip so that the tip maintains contact with the sample’s surface; in 
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the P-10’s case, this range is 0-50mg/styli.  If the probe tip is dragged extremely slowly across 
the sample, it is conceivable that each data point is in a quasi-static environment and therefore 
only the amount of beam deflection is measured. 
X
Y
X
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Figure 5-1: Cartoon of contract profilometry and schematic of the resulting profile trace 
Since contact profilometry always requires a certain amount of force to make valid 
measurements, it is impossible to use this tool to measure the profilometry of the unloaded 
cantilever.  While the mechanical characterization does not require the unloaded cantilever’s 
surface profile, the unloaded cantilever’s profile was measured using a Zygo optical profilometer 
shown in Figure 5-2(a).  As there was no load on the cantilever during this measurement, the 
values are used to create the zero displacement point for the cantilever.  Another observation that 
appears in the surface scan is the significant increase in height at the anchor.  This is believed to 
have been caused by the PMMA sacrificial layer’s non-uniformity during the sintering step.  
Figure 5-2(b) is a single profile trace to show the degree of height difference. 
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Figure 5-2: Silver cantilever profilometry. (a) Surface profile of unloaded cantilever taken by 
the ZYGO optical interferometer. The scan focuses on the anchor point to display the height 
difference created by the PMMA step’s coffee-ring effect. (b) A side trace of the cantilever 
showing the “bulge” at the anchor point. 
The cantilever’s dimensions were also measured by the P-10 profilometer.  The cantilever’s 
thickness was 1.49 ± 0.04μm.  This was determined by 3 scans with loads between 45-50mg 
across the length of the cantilever beam and assuming the cantilever has uniform thickness.  No 
significant change in height was observed during the scans so it is assumed that the beam was in 
contact with the substrate.  The cantilever’s width was 48 ± 2.5μm as determined by 10 scans 
across the anchor’s width.  Because the deflection along the beam’s length will be used for the 
analysis, it was unnecessary to determine the beam’s actual length.  The P-10 was set to drag 
across the cantilever at 10μm/s with a sampling frequency of 50Hz.  The cantilever was scanned 
with loads between 4-16mg and the resulting trace was subtracted from the unloaded profile to 
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measure displacement.  Because of the beam’s unusual topology, He et al.’s methodology could 
not be used to determine the Young’s modulus: instead of analyzing the entire beam, a specific 
point on the beam was chosen for the force-displacement analysis.  Figure 5-3 displays the force-
displacement relationship at 21.4 ± 1.74μm from the anchor.  This location was chosen because 
of an easily identifiable bump present in every scan and the distance was calculated from the 
peak of the anchor to the peak of the bump.  The error range is the standard deviation of the 
measured distances between the anchor and bump peaks.  
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Figure 5-3: Force versus Displacement of cantilever deflected via contact profilometry. The 
slope of the linear regression is used as the spring constant k for the cantilever. 
Rearranging the equation (2) above, Young’s modulus can be obtained by the following 
equation: 
 3
34
WH
kLE =  (3) 
Also, because the analysis point was closer than the beam’s width to the anchor, the beam’s 
behavior was more plate-like and a anticlastic correction factor, ( )21/1 νϕ −= , needs to be 
included [2,3].  Subsequently equation (3) becomes slightly more complicated: 
 ( 233' 14 νϕ −== WHkLEE ) (4) 
Using equation (4) and ν=0.37 for the Poisson’s ratio of silver, the calculated Young’s modulus 
of the silver cantilever is 21.9GPa.  Finally, because there are uncertainties in the cantilever’s 
geometry and the measurement itself, there is an amount of error that is related to these 
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calculations.  Assuming that each error is independent of each other, the following equation can 
be used to calculate the percent error [4]: 
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where σx are the respective error, typically one standard deviation, of the Young’s modulus, 
length, width, and height/thickness.  The error for the spring constant, σk, is the error from the 
best-fit linear trend.  Using equation (5), the calculated error for the Young’s modulus is 6.87%.  
Therefore Young’s modulus of the cantilever was determined to be 21.9 ± 1.50 GPa using 
contact profilometry. 
1.2 – Deflection via nanoindentation probes 
Another tool used to deflect the cantilevers is via a Hysitron nanoindentor.  Typically used for 
microhardness testing, the Hysitron nanoindentor is equipped with micrometer resolution x-y 
stage and force transducer with μN resolution, making it well suited for deflecting cantilevers.  
The main difficulty in using this tool is in its inability to accurately know where the probe is 
relative to the cantilever’s anchor.  While it is possible to measure the force-displacement values 
anywhere on the cantilever, it is not reliable because, as mentioned previously, the spring 
constant is third-order dependant on the distance from the cantilever’s anchor and any inaccuracy 
will lead to a larger error in the elastic modulus calculations. 
To account for the point-force location inaccuracy, it is possible to make additional force-
deflection measurements at different locations along the beam.  This is possible because while it 
is difficult to precisely place the probe on specific locations of the cantilever, it is easy to 
accurately position the probe relative to previous point-force locations.  Rearranging the equation 
(2), the relationship between known deviations in length and the perceived spring constant is 
obtained: 
 [3 3 31 1 L Lk EWH ]δ= +  (6) 
This equation shows there is a linear relationship between the cube-root of the spring constant’s 
inverse and the distance away from the cantilever’s anchor.  This suggests the modulus can be 
determined without knowing the point-force’s absolute position by using multiple point-force 
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measurements that are offset by known quantities along the length of the beam as described in 
Figure 5-4. 
 
Figure 5-4: Determining Young’s modulus via multiple point-force deflections. (a) Cantilever 
is deflected multiple times with each load-point offset by a known amount. (b) Force-displacement 
trends for each load-point; as can be seen, the beam appears stiffer when loading closer to the 
anchor. (c) Using the slopes found from (b), the apparent spring constant is plotted with respect to 
its relative load-point; the slope (S) from the resulting regression is used to determine the elastic 
modulus, given that the width and height of the cantilever are known. 
Using the method described in Figure 5-4 and equation (6), Young’s modulus can be obtained:  
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4
SWH
E =  (7) 
where S is the linear regression’s slope.  This method was used on several 98 ± 2.46um wide 
cantilevers.  The width was as determined by ten P-10 measurements across the anchor’s width.  
The cantilevers’ thicknesses were also determined by these 10 measurements.  It is assumed that 
the cantilevers have the similar anchor and beam thicknesses.  The cantilevers had different 
lengths, but all point-forces were positioned further than 160μm from the anchors.  Because 
these cantilevers had lower width/length ratios, there was less anticlastic behavior and thus the 
anticlastic correction factor is lowered: φ=1.05 [2].  Also, because this method uses equation (7) 
which does not rely on the absolute length of the cantilever beam, the error in the measurement 
changes: 
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where σS is the error in the best-fit linear trend. 
This method was attempted on the cantilever used in the P-10 measurements; however no usable 
data was obtained because the beam was too soft and always touched the substrate during the 
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deflection measurements.  Newer cantilevers were subsequently made stiffer by increasing their 
thicknesses and widths, thus preventing them from contacting the substrate during the 
measurements.  Figure 5-5 and Table 5-1 show the actual data for one of the cantilevers and the 
data analysis for each cantilever, respectively. 
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Figure 5-5: Force-displacement measurements for cantilever #2.  Each measurement shown 
was one deflection cycle.  
Table 5-1: Cantilever deflection analysis and elastic moduli 
Cantilever Thickness (μm) k1 (μN/nm) k2 (μN/nm) k3 (μN/nm) E (GPa) Error (%) 
1 6.43±0.377 0.0210 0.0284 0.0426 22.1 3.16 
2 3.69±0.320 0.0073 0.0120 0.0184 20.3 6.84 
3 3.23±0.312 0.0393 0.1191 0.3505 22.3 8.60 
4 3.85±0.382 0.0121 0.0195 0.0464 23.3 9.03 
 
Averaging the cantilevers’ Young’s moduli and errors, deflecting the Cabot silver cantilevers 
with the Hysitron nanoindenter resulted in a measurement of 22 ± 1.5 GPa.  These results were 
remarkably similar to the results measured using the P-10 contact profilometer.  This is very 
encouraging because it implies that the material’s mechanical properties are not dependent on 
film thickness.  
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It is important to note that there is some potentially unacknowledged error in this methodology: 
If the anchor and beam do not have the same thicknesses, then the error analysis for the beam 
thicknesses is incorrect.  Subsequently, the resulting Young’s modulus and its respective error 
will be miscalculated. 
2 – Young’s modulus via nanoindentation 
Another method of determining the Young’s modulus is by using the Hysitron nanoindentor for 
nanoindentation or microhardness testing.  This technique works on the principle that when 
materials are plastically deformed, a proportion of the exerted energy is elastically stored in the 
material and will undergo elastic rebound when the material is unloaded.  The entire indentation 
process is monitored and a force-displacement curve is generated.  By analyzing this curve, 
particularly the initial, linear regime of the unloading cycle, it is possible to extract material 
properties such as hardness and reduced modulus of elasticity [3].  Since the Hysitron 
nanoindentor was designed for this particular test, the software is capable of analyzing the curve 
and calculating these material properties. 
By analyzing data alone, it is only possible to extract the reduced modulus of elasticity (Er) as 
opposed to the actual modulus of elasticity due to the physical limitations of the nanoindentor’s 
tip.  Because the tip has finite hardness and Young’s modulus, there is some deformation in the 
tip itself during the measurements, thus the force-displacement curve generated incorporates both 
the deformation of the film as well as the slight deformation of the tip.  However, by knowing 
some other material properties of the material in question and the tip, the material’s modulus of 
elasticity can be calculated [6]: 
 
( ) ( )2 21 11 film tip
r film tip
E E E
ν ν− −= +  (9) 
where ν is the Poisson ratio of the particular material. 
There are some concerns with using this method.  Firstly, it is unknown if the material constants, 
such as bulk silver’s Poisson ratio, is the same as Cabot silver’s Poisson ratio.  This is extremely 
important because these constants are needed to calculate Cabot silver’s modulus from the 
reduced modulus.  Another major concern is that Cabot silver films are still porous when sintered 
at 250°C and there have been reports that porous materials densify and subsequently exhibit 
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higher elastic moduli with deeper nanoindentation penetration [5].  As such, the measurement 
may report different material properties because the material was work-hardened.  Finally, it is 
questionable performing nanoindentation on films because it is possible that the substrate will 
influence the measurements [1].  To prevent this, indents were restricted to less than 1/10 of the 
film thickness to prevent substrate effects [2,6]. 
Two Cabot silver ink samples were sintered at 250°C for 30 minutes.  The resulting films were 
~5μm thick.  Using the Hysitron nanoindenter, 36 shallow indents on each sample were 
measured.  The shallow indents were 30-50nm deep, staying well below the 10% of the film’s 
thickness so that substrate effects can be ignored.  The data provided comparable results with the 
deflection findings, measuring 23.4 ± 1.90 GPa for the Young’s modulus. 
The error in the nanoindentation results mainly stem from noise in the measurements.  Since 
multiple measurements were done on each sample, it is assumed that this noise is random and 
Gaussian in distribution.  As such, the error range is 1 standard deviation from the mean. 
3 – Porosity’s effect on Young’s modulus 
Three separate methods were used to characterize Cabot silver’s modulus.  It is encouraging to 
note that all the tests agree that the modulus is roughly 22GPa when Cabot silver is annealed in a 
nitrogen environment at 250°C.  However, considering that bulk silver has a reported elastic 
modulus of 83GPa, the reason behind the reduction in modulus is still unexplained. 
It is believed that the nanostructure of the film, especially its porosity, is the cause of the reduced 
material properties.  Greer et al. made similar observations about reduced mechanical properties 
and came to the same conclusion about porosity affecting the mechanical properties.  They 
reported that their films had 15% porosity and a ~20% reduction in modulus when compared to 
their sputtered counterparts [6].  To provide support for this hypothesis, several Cabot silver 
films were made and sintered at peak temperatures between 150°C to 400°C in 50°C increments.  
The silver films were ~8μm thick and the indentation depths were kept below 800nm so substrate 
effects can be ignored.  As shown in Figure 5-5, higher sintering temperatures more readily fuse 
silver nanoparticles, effectively changing the film’s nanostructure and creating higher quality 
metallic films with larger grain sizes and decreased porosity.  Using these metallic films, 
 46
nanoindentation was used to determine if there is a relationship between nanostructure and 
material properties.  
   
200°C 300°C 400°C 
Figure 5-6: SEM micrographs of Cabot silver films annealed at different peak temperatures.  
As can be seen, at higher temperatures the silver nanoparticles fuse together, increasing the film’s 
grain sizes while decreasing the film’s porosity. 
In addition to testing peak sintering temperatures, each film was indented at two different peak 
loads to determine if the films densify and work-harden during indentation.  Results of both 
experiments are plotted in Figure 5-7 and a direct relationship between elastic modulus and both 
sintering temperatures and peak loads can be seen. 
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Figure 5-7: Young’s modulus versus sintering temperature indented at two different peak 
loads.  Similar to the previous nanoindentation measurements, error bars were also 1 standard 
deviation.  As can be seen there is a general trend of increasing modulus with increasing sintering 
temperature.  Additionally, it can also be seen that larger loads lead to higher perceived modulus 
due to particle compacting. 
As Figure 5-7 shows, higher Young’s moduli are observed when the films are sintered at higher 
temperatures as well as when indented with larger loads.  This implies that when the nanoparticle 
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films densify and loses porosity, the material properties become closer to bulk values.  This also 
provides preliminary support that porosity is responsible for the reduction in modulus.  
Unfortunately, a predictive model describing porosity’s effect on mechanical properties cannot 
be presented at this time.   
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Chapter 6 – Closing 
In this thesis, a surface micromachining process using TIJ technology was demonstrated with a 
silver nanoparticle ink as the structural layer and a PMMA/toluene ink for the sacrificial layer.  
Additionally, this process was used to fabricate silver cantilevers to showcase the silver 
nanoparticle film as a MEMS material.  Accordingly, the cantilevers and silver films were 
characterized using a variety of mechanical tests and determined that Cabot Corp.’s silver-based 
conductive ink when sintered in a 250°C nitrogen environment has a Young’s modulus of 
22GPa. 
1 – Additional questions 
There are several areas that need further exploration: the PMMA’s solvent vapor smoothing 
process needs to be optimized in conjunction with the reflow that occurs when sintering the 
silver film, additional process should be investigated to fabricate traditionally shaped cantilevers 
without laser trimming the rim, and more studies are needed to form a detailed explanation and 
predictive model on how porosity reduces the Young’s modulus in the silver nanoparticle films. 
2 – Future work 
There are many paths which could stem from this work.  It is in the author’s opinion that new 
materials and techniques should be investigated to discover inks that are more suitable for 
MEMS structures.  For example, the silver can be replaced with composite materials which 
utilize the metal nanoparticles for conductivity but also have increased modulus with the help of 
secondary supporting materials.  Another example is to investigate smaller sized silver 
nanoparticles, thereby lowering the thermal budget even further and make the process 
compatible with plastic and flexible substrates.  One final example is developing a local 
annealing process such as heating via a laser [1] or electrical currents [2] so that only the area 
around the silver films will need to be exposed to high heats while the surrounding areas remain 
unaffected. 
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Appendices 
Appendix A – TIJ technology 
The HP TIJ technology used in this thesis was in the form of the thermal inkjet pico-fluidic 
system (TIPS), a hand-held internal research tool.  Shown in Figure A-1, these units use 
disposable 0.5mL reservoirs that have a small TIJ die at the end.  These TIJ dies are 
manufactured in a variety of nozzle sizes, enabling TIPS to perform a variety of tasks from 
quickly jetting large pools of ink to jetting a single drop with 25μm spot size. 
Tip 
Tip Eject 
Drop Eject 
Enter 
Cancel 
OLED display 
Scroll wheel 
 
Figure A-1: Picture of TIPS.  The majority of the system is the TIPS controller.  The controller 
is used to drive the TIJ die located on the tip (lower left), and all the parameters needed to print 
with the device can be configured using the device’s menus. 
A.1 – Jetting parameters 
Before a nozzle can be used, several parameters need to be inputted.  These parameters control 
the amount of energy that is applied to the ink and the threshold energy the ink needs to be at 
before jetting can occur.  These parameters are: 
 53
• Nozzle address -  
Each TIJ die has an array of nozzles.  Because of this, addressing is required to designate 
which nozzles will be fired.  Any number of nozzles can be fired with a single pulse, 
however, typically only one was fired at a time to maintain good spatial resolution. 
• Voltage - 
Required for generating the bubble that jets the ink.  During jetting, the voltage is applied 
to a resistor in the firing chamber, vaporizing a small portion of the ink and propelling the 
remainder out of the firing chamber.  As larger chambers need larger bubbles, bigger 
nozzles require more voltage than their smaller counterparts.  Typically the nozzles 
require voltages between 16 - 29.25V to fire.  The time that the voltage is applied is the 
next parameter. 
• Pulse width -  
The amount of time that the voltage is applied to the TIJ resistor.  This time is generally 
short, on the order of microseconds, to prevent detrimental effects from appearing in the 
ink as well as the TIJ resistor.  Unlike the voltage which normally stays constant, the 
pulse width is varied to control the amount of energy that is delivered to the ink.  
Depending on the ink composition, more or less energy may be needed. 
• Back pressure -  
The amount of vacuum that is applied to the ink reservoir.  Back pressure is used to limit 
the amount of ink that fills the firing chamber, ultimately changing the amount of surface 
tension that needs to be overcome in order to jet the ink.  Typically values between 500-
1000Pa below atmospheric are used for jetting.  This back pressure can be controlled 
with a simple syringe, but in the case of the surface micromachining process, an active 
feedback system was used. 
• Firing frequency -  
There are several physical properties that limit the frequency between drops such as time 
required to refill the firing chamber and cool down the resistor.  Generally, lower 
frequencies are better for consistent jetting. 
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A.2 – X-Y microcontroller stage 
While TIPS is capable of printing fine features, it is useless without the capability of controlling 
where the ink is jetted.  To accommodate the fine feature capability, the TIPS controller is 
mounted onto an X-Y microcontroller stage.  Figure A-2 is a picture of the described system.  
This system has 1μm resolution and is equipped with an optical viewing system for alignment.  
The system also has heating capability to assist with ink drying and all motion is computer-
controlled.  The entire system is enclosed in a glove box to prevent contaminants from settling 
on the devices. 
 
Alignment 
camera 
Microcontroller 
arms 
Back pressure 
controller 
Heated 
stage TIPS 
controller 
Figure A-2: TIPS controller connected to X-Y microcontroller stage.  
A.3 – Control software 
Controlling the X-Y stage’s motion is software developed by Steven Bathurst (MIT).  The 
software also controls when the TIPS jets a drop so that the deposition is coordinated with the 
motion.  This software was very useful for the surface micromachining process because it also 
has an integrated alignment feature which makes aligning multiple layers much simpler.  Figure 
A-3 show the graphical user interface (GUI) of the software. 
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(a) (b) 
(c) (d) 
Figure A-3: Control software for microcontroller stage.  (a) The printing tab contains buttons 
to start and stop print jobs and control whether the coordinate system needs any alignment 
adjustments.  (b) The camera tab adjusts the offset between the TIJ nozzle and the video feed.  (c) 
The substrate tab is used to locate the alignment marks and calculate any offsets if they are 
needed.  The feature even compensates for rotational offsets.  (d) The motion tab controls the 
speed and acceleration of the microcontroller’s arms.  The last field in the tab is the time between 
each drop and is nominally used to set the firing frequency.  Software layout and design was done 
by Steven Bathurst. 
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Appendix B – Ink jetting parameters 
B.1 – Cabot Corp.’s silver-based conductive ink 
Consisting of silver nanoparticles suspended in ethylene glycol/ethylene, the silver ink was 
extremely stable and little maintenance was required in between print jobs.  Because spatial 
resolution is important, TIPS reservoirs #13 with I-35M nozzles (35pL firing chambers) were 
used to print the ink.  Jetting the ink reliably required a voltage of 20V with a pulse width of 
2.9μs.  The back pressure of the system was nominally 375Pa.  Due to the ink’s stability, slow 
jetting rates of 10Hz were used.  These slow jetting rates helped facilitate the silver’s adhesion to 
the substrate so that the substrate only needed to be heated to 60°C. 
B.2 – LMW PMMA/toluene ink 
The PMMA/toluene ink was not very stable and maintenance was required after every print job.  
This entailed removing excess ink and material from the TIJ nozzles by wiping the print head 
with a swab.  Because the ink was moderately viscous, TIPS reservoir #13 was not usable and 
TIPS reservoir #8 with G-80 (80pL firing chambers) was used instead.  The ink reliably jetted at 
voltages of 20V with a pulse width of 2.1μs and back pressure of 300Pa.  It was also observed 
that the ink jetted more reliably in bursts.  Because of this, 2 drops were jetted every 10ms.  
Because 2 drops were jetted at every position, twice the amount of material was deposited and 
the number of required layers was reduced by half.  The substrate was heated to 40°C to 
accelerate solvent evaporation and assist with PMMA-substrate adhesion. 
B.3 – Summary 
Table B-1 summarizes the printing and environmental parameters that were used for the silver 
and PMMA depositions. 
Table B-1. Ink jetting and environmental parameters 
Ink
Parameter 
Silver Ink PMMA Ink 
TIPS reservoir (#) 13 8 
Nozzle design I-35M G-80 
Firing chamber size (pL) 35 80 
Voltage (V) 20 20 
Pulse width (μs) 2.9 2.1 
Back pressure (Pa) 375 300 
Substrate temperature (°C) 60 40 
Jetting pattern 1 drop per 100ms 2 drops per 10ms 
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Appendix C – Printing patterns 
Two types of printing patterns were used for deposition: hexagonal and line.  Hexagonal 
printing, as described in Chapter 3, uses hexagonal packing as the printing pattern.  As 
mentioned previously, hexagonal patterning has more area coverage and less overlap compared 
to rectangular patterns.  Also, unlike circular packing where all the circles touch but do not 
overlap, hexagonal patterning does not have any voids.  It is important not to have any voids 
because they are locations for potential discontinuity in the film.  Figure C-1 compares 
hexagonal patterning to circular packing.  Hexagonal patterning is used for depositing the 
PMMA sacrificial layer and the silver film. 
 
Figure C-1: Hexagonal and close-form circle printing patterns.  The hexagonal pattern (left) 
has the advantage of have no voids when compared to the close-form circle pattern (right).  If 
voids are less critical than a uniform film, then the close-form circle pattern should be used. 
The previous mentioned patterns are meant for area coverage.  Unlike those patterns, line 
printing focuses on creating a single, continuous line.  As such, only the distance between drops 
is important.  Used for the PMMA barriers, this pattern only needs to be continuous and form a 
relatively straight barrier.  As shown in Figure C-2, pitches that are less than 25% of the drop 
diameter are used to create a barrier with a straight edge. 
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Figure C-2: Line uniformity when varying pitch.  Pitches are shown in relations to drop 
diameter.  As the pitch decreases, the edge of the line becomes more uniform.  The line edge is 
relatively uniform as the pitch approaches 25% of the drop diameter.  Because of this, pitches that 
are less than 25% of drop diameter were used for the PMMA barriers. 
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Appendix D – Detailed recipe 
Step Description 
Starting material Glass slide 75mm x 25mm 
1 Scoring Slide is scored and broken into three 25mm square substrates 
2 Cleaning Sonicate in 250mL beaker filled with Micro-90® for 5 minutes 
3 Rinse DI #1 Sonicate  in 250mL beaker filled with DI water 
4 Rinse DI #2 Rinse each substrate with DI water squirt bottle 
5 Rinse IPA #1 Place substrates into boiling IPA for 2 minutes to remove water residue 
6 Rinse IPA #2 Second boiling in IPA for 2 minutes 
7 Drying Dry with N2 gun 
8 Setup printer Substrate is heated to 40°C, PMMA ink printing settings from Appendix B are used 
9 Deposit shelf 3 layers of 500μm x 500μm shelf is printed using hexagonal printing pattern and drop 
diameter of 120μm 
10 Dry PMMA Pre-bake on 100°C hotplate for 5 minutes 
11 Smooth PMMA Substrate was placed into a jar that also contained a small pool of acetone.  The substrate 
was suspended over the pool of acetone so that the vapors could smooth the PMMA.  The 
jar was sealed for 8 minutes. 
12 Dry PMMA Post-bake on 100°C hotplate for 5 minutes 
13 Deposit barriers A single line of PMMA drops formed a 1000μm x 500μm rectangle around the PMMA 
shelf.  The line had a pitch of 25μm and made 10 passes to form a 20-layer thick barrier 
(because 2 drops were jetted at each position to make the printing more reliable) 
14 Dry PMMA Pre-bake on 100°C hotplate for 5 minutes 
15 Smooth PMMA Place substrate back into acetone jar for 3 minutes 
16 Dry PMMA Post-bake on 100°C hotplate for 5 minutes 
17 Setup Printer Substrate is heated to 60°C, silver ink printing settings from Appendix B are used 
18 Deposit silver 15 layers of 800μm x 300μm silver pool is printed using hexagonal printing pattern and 
drop diameter of 80μm 
19 Setup furnace Device is placed into tube furnace with flowing N2
20 Heating up Tube furnace heats up to 250°C at 1.5°C/minute 
21 Sintering Device stays at 250°C for 30 minutes to fuse silver nanoparticles 
22 Cool down Tube furnace cools down to room temperature at 1.5°C/minute 
23 Laser trimming Device is trimmed down to size, ~400μm x 100μm or ~400μm x 50μm (the actual 
cantilever beam is ~200μm long 
24 Release Wet etch in chloroform bath for 15 minutes 
25 Rinse  
chloroform #1 
Rinse in chloroform bath for 10 minutes (different bath than release step) to remove 
debris 
26 Rinse 
chloroform #2 
Rinse in second chloroform bath for 5 minutes (different bath than release and first bath 
steps) 
27 Confirm release Manually actuate cantilevers to confirm release and correct any stiction issues 
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